ABSTRACT: Factors controlling seasonal variations in benthic metabolism (O,, flux) and dissolved inorganic nitrogen (DIN) fluxes were examined during a 12-14 month period at three intertidal Wadden Sea stations. Since the flux measurements were made as small-scale laboratory core incubations, the results are primarily related to the microbenthic community (microalgae, bacteria, micro-, meio-and small macrofauna) and cannot be considered representative of the total benthic community in the Wadden Sea. Furthermore, it has to be emphasized that light intensity during daytime simulations were constant and saturating at all times. Benthic primary production and oxygen uptake appeared to be temperature dependent with a 'seasonal Q10' of 1.7-1.8 and 2.7-4.3, respectively. Inundation had no effect on oxygen fluxes as evidenced by similar sediment respiration with and without water cover. A stronger temperature dependence of primary production in muddy than in sandy sediment indicated that the overall control in the latter may be complex due to factors like macrofaunal grazing and nutrient availability. Benthic respiration may not be controlled by temperature alone, as sedimentary organic matter content correlated significantly with both temperature and benthic respiration. Annual gross primary production in high intertidal sandy sediment was 10 and 50 % higher than in low intertidal sandy and muddy sediments, respectively. Since annual benthic community respiration was 2 times higher in muddy than sandy sediments, the annual net primary production was about 0 in the former and 17-19 mol C m -2 yr -1 in the latter. However, heterotrophic contribution by larger faunal components as well as removal of organic carbon by waves and tidal currents, which are not included here, may balance the budget at the sandy stations. There was no or only weak relationships between (light and dark) DIN exchange and factors like temperature, sedimentary organic content, and oxygen fluxes. Factors related to nutrient fluxes, such as denitrification and nutrient concentration in the overlying water, may have hampered any such relationships. In fact, DIN fluxes at all three stations appeared to be strongly controlled by DIN concentrations in the overlying water. On an annual basis, the sediment appeared to be a net sink for DIN.
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I N T R O D U C T I O N
I n t e r t i d a l areas, like t h e W a d d e n Sea, are c h a r a c t e r i z e d by a h i g h l y f l u c t u a t i n g p h y sical a n d c h e m i c a l e n v i r o n m e n t . B e n t h i c c o m m u n i t i e s ( m i c r o a l g a e , b a c t e r i a a n d a n i m a l s ) in s u c h a r e a s m u s t e n d u r e l a r g e v a r i a t i o n s in factors like t e m p e r a t u r e , salinity, w a v e s a n d c u r r e n t s on t i m e s c a l e s of h o u r s (e.g. d i u r n a l a n d tidal cycles) to m o n t h s (e.g. s e a s o n s ) . In a d d i t i o n , t h e activity of b e n t h i c p r i m a r y p r o d u c e r s a n d d e c o m p o s e r s are h i g h l y d e p e n de n t u p o n t h e light, n u t r i e n t s a n d o r g a n i c m a t t e r r e g i m e (van Es, 1982; Davis & M c I n t i r e , 1983 ; K r i s t e n s e n , 1993). Our u n d e r s t a n d i n g of t h e s e i m p o r t a n t c o n t r o l l i n g factors for benthic metabolism is further complicated by the fact that their relative role may vary substantially within and between intertidal habitats (Cad~e & Hegeman, 1977; Hargrave et al., 1983; Grant, 1986; Sampou & Oviatt, 1991) .
Many studies have adressed the response of individual components of the benthic community toward variations in one or few environmental parameters (e.g. Admiraal & Peletier, 1980; Rasmussen et al., 1983; van Duyl & Kop, 1990) , while relatively few have examined the simultaneous community response towards a number of dominating parameters (e.g. Hargrave et al., 1983; Grant, 1986; Kristensen, 1993) . Community level processes, such as 02 demand and dissolved inorganic nitrogen (DIN) exchange, have been widely used to determine the metabolic activity of the benthos in a variety of environments (e.g. Jorgensen & S~rensen, 1985; Nowicki & Nixon, 1985a; Rizzo, 1990; Kristensen, 1993) . By studying the combined action of a multitude of parameters on these processes we will improve our understanding of system behaviour to naturally occurring events, although specific details of response patterns for each individual parameter may be obscured.
The present study was conducted to examine the temporal behaviour of microbenthic primary producers (i.e. diatoms and cyanobacteria) and heterotrophs (i.e. bacteria, micro-, meio-and small macrofauna) in three different sediment environments of a small Wadden Sea area. The exchange of 02, CO2, and DIN were measured in the laboratory at bimonthly intervals over a period of 1.5 years. The laboratory incubations were carried out under the prevailing temperature and DIN concentrations, whereas light intensity was constant and saturating during daylight simulations. In addition to possible correlations with various environmental parameters, the results were examined for any inter-relationship between gas exchange and nutrient exchange in the light and the dark.
MATERIALS AND METHODS
Study site
K6nigshafen is a tidally dominated bay at the northern tip of the island of Sylt (northern part of the German Wadden Sea, southwest North Sea) covering 5.5 km 2 (Fig. 1) . The bay is protected from the prevailing winds and wave action from west by sand dunes and is open to the Wadden Sea on the east coast of the island of Sylt. About 75 % of the bay is intertidal and tidal waters enter the bay through one tidal gully (Asmus & Asmus, 1996; Backhaus et al., 1996) . Tidal range is 1.8 m and salinity ranges from 23 Y~ in winter to 33 %o in summer.
The sediments of the bay vary in grain-size spectrum from mud to cobbles (Austen, 1994) . At the head of the bay, where protection from prevailing winds and waves creates a deposition area, the sediment is fine grained with a modal particle size of < 0.1 (Fig. 1) . The central, low intertidal part of the bay is dominated by fine sand with a modal particle size of 0.1 to 0.2 mm, whereas medium sand with a modal particle size of 0.2 to 0.35 mm is characteristic of the high intertidal areas. Large parts of the south and north shores are dominated by coarse sand with a modal particle size > 0.35 mm. It has been suggested that the presence of coarse and medium sand in high intertidal K6nigshafen sediments is due to aeolian input from adjacent dunes (Austen, 1994) .
The benthic fauna consists of relatively few species with a specific dominant compo- Austen, 1994) nent in each of the dominant sediment types (Jensen et al., 1996) . The epifaunal mudsnail, Hydrobia ulvae, dominates in the high intertidal coarse sands with densities ranging from 5000 m -2 in winter to 10 000-25 000 m -2 in summer. Arenicola marina dominates in the fine and m e d i u m sands of the central part of K6nigshafen with densities h i g h e r than 50 m -2 all year round (Reise et al., 1994) . The dominant benthic faunal species in the m u d d y area at the h e a d of the bay is the cockle, Cerastoderma edule, with densities ranging from 150 to 300 m -2.
The m a c r o -v e g e t a t i o n is d o m i n a t e d by seagrasses of the genus Zostera. The sandy areas have a scattered coverage of Zostera marina and Z. noltii, whereas only the former is present in the m u d d y sand area.
S a m p l i n g
Cores w e r e sampled in bimonthly intervals (each s a m p h n g period lasting 1-2 weeks) from April 1993 to July 1994 at the 3 stations: S, A, and M (Fig. 1) . Station S is a coarse sand site close to the south shore; station A is a low-intertidal m e d i u m sand site; and station M is located at the transition b e t w e e n m u d and fine sand at the h e a d of the bay. Or-ganic content at the two former stations varies between 0.5 and 1.0 % dw (LOI), whereas the latter station exhibits values of 2-6 %. Although the inundation time within the entire bay varies between 0 and 12 h per tidal cycle, a range of 4-6 h is typical at the study sites (Jensen et al., 1996) .
Sediment cores for determination of fluxes and sediment parameters were sampled by hand in daylight during water cover, using 25 (and occasionally 15)-cm long, 8-cm core tubes (fluxes) and 30-cm long, 5-cm 0 core tubes (sediment parameters). At each sampling date and station, 4-9 (usually 6) parallel cores (= 10 cm sediment depth and 10 cm water column) were taken for light and dark flux incubations, and 3 parallel cores were taken for determination of sediment parameters. As cores were sampled from areas with no trace of Zostera spp., the results obtained here should be considered representative only of non-vegetated areas in K6nigshafen. Furthermore, the size of core tubes used for flux incubations prevented a representative inclusion of the dominant faunal feature, Arenicola marina, at station A. Adult individuals of this polychaete are usually buried below the core sampling depth and are as such not accounted for here.
Flux measurements
Sediment-water fluxes of gases and nutrients. After transfer to the laboratory at the "Wattenmeerstation Sylt", all flux cores were pre-incubated with stirring under light by submersing them uncapped into an aerated tank containing circulating, unfiltered seawater from the area for a few hours prior to the light/dark incubations. Stirring of the water column in cores was provided by spinning magnets (60-70 rpm) receiving momentum from an external magnet. We deliberately used unfiltered water to mimic ambient conditions. Tests showed that errors introduced in the benthic flux measurements due to processes occurring in the water column were negligible.
At each sampling period one specific temperature was used for dark incubations at all stations. The chosen temperature was the average value of flood water at the start of the sampling period. During light incubations, the temperature was slightly higher (1-2 ~ due to heating from the light source used. Irrespective of season and station, all cores received the same light intensity at the sediment-water interface (about 200 ~E m -2 s -l) supplied by a 400 watt Mercury-halogen lamp placed 60 cm above the sediment. This light intensity is close to the saturation level for benthic diatoms (Rasmussen et al., 1983) .
After the pre-incubation period, cores were first incubated for flux measurements in light and subsequently in darkness. The incubations were initiated by taking water samples for 02, CO2 (occasionally), and DIN (NH4 +, NO2-, NO3-) from each core before they were capped and incubated with stirred water phases. The light incubations were terminated by the final samplings after 0.15 to 2.50 h (depending on season). Incubation time for light fluxes was kept short in order to minimize any underestimation of gas fluxes due to bubble formation. Fluxes in darkness were measured following a 4-5 h pre-incubation of the same cores in the dark. During the first 3-4 h, the overlying water was removed and the cores were kept with the sediment exposed to air in order to simulate a low tide situation. After the cores were flooded again and kept open (and stirred) for a few hours, the dark incubation was performed similar to the light incubation, except that cores were incubated for periods of 0.2 to 17.0 h. Fluxes were determined from the concentration dif-ference between initial and final samples by assuming a linear change in concentration over time. Occasionally this assumption was investigated and verified.
Water samples for 02 measurements were transferred to gas tight 25-ml glass bottles and analysed within 1-2 h using the standard Winkler technique. Samples for CO2 were transferred to 10-ml gas-tight Exetainers with screw caps (excluding any headspace) and preserved with 10 ~l of 50 % HgC12. These samples were later analysed by the flow injection/diffusion cell technique of Hall & Aller (1992) using a Kontron Ion Chromatograph. Samples for NH4 + and NO3 (since NO2-was low in concentration, it is included in the NO3-data) were stored frozen and later analysed using the standard autoanalyzer methods of Solorzano (1969) for NH4 + and Armstrong et al. (1967) for NO3-. The 1994 samples of NH4 + were analysed by the manual salicylate hypochlorite method of Bower & Holm-Hansen (1980) . Sediment-air flux of oxygen. Dark 02 uptake by the sediment at low tide was determined from the 02 change in the headspace of sealed, air-exposed cores (Kristensen et al., 1992) . A number of 2-3 cores (= 11 cm sediment depth and = 3 cm headspace) were acclimated to the chosen temperature for 1-2 h in the laboratory. After the acclimation period, a rubber stopper, with a Clark-type 02 electrode (Radiometer, Denmark) inserted through a hole in the center, was fitted to the core liner allowing only 1-2 cm headspace (corresponding to a volume of 50-100 ml air) above the sediment. The final electrode reading was noted after 8-16 h. Subsequently, the stopper and 02 electrode was transferred to a core liner half-filled with distilled water at the same temperature and the 02 reading in water-saturated atmosphere (equivalent to the start concentration) was noted after about 15 min equilibration. Oxygen uptake was calculated on the basis of the concentration change and air volume trapped below the rubber stopper.
Sediment parameters
Sediment cores for the determination of sediment parameters were cut into 0.3-cm (upper section) to 2.0-cm slices. Subsamples of each slice were analysed for porosity by determination of wet density (weight of known volume) and water content (drying at 105 ~ for 24 h). Organic content was determined on the dried sediment as loss-on-ignition (LOI) at 520 ~ for 6 h.
Chlorophyll a was measured on 0.5 to 1.0~ slices in the upper 5 cm of the sediment according to the method of Parsons et al. (1984) . Samples of about 0.5 g wet sediment from each slice were immediately stored frozen(-18 ~ Subsequently, all samples were tranferred to glass centrifuge tubes and extracted with 5 ml of 90 % acetone for 24 h at 5 ~ After centrifugation at 3000 rpm, the supernatant was analysed spectrophotometrically at 665 and 750 nm before and after acidification with 2 drops of 1 M HC1.
RESULTS
Sediment characteristics
The presence of microphytobenthos and freshly deposited allochthonous organic matter at the two sandy stations, S and A, was evident as an enrichment from a background organic content of 0.2-0.4 % LOI to about 0.8 % in the upper 0-3 mm of the sedi-m e n t (Fig. 2) . The difference in texture b e t w e e n these two sediments was thus not reflected in the organic content. At the m u d d y station, M, the depth pattern of LOI was very h e t e r o g e n o u s with an enrichment at the s e d i m e n t -w a t e r interface (annual a v e r a g e 3 % LOI) and a subsurface p e a k around 4-6 cm depth (about 4 % LOI) followed by a second subsurface p e a k below 15 cm depth (Fig. 2) . These zones corresponded to t h e transitions of s e d i m e n t texture b e t w e e n "loose" m u d d y sand, "compact" mud/silt, s a n d and clayish mud. Beside the p r e s e n c e of benthic diatoms at the surface, the primary source of organic matter at the m u d d y station was (decaying) seagrasses and macroalgae. Water content, which was highly correlated with LOI, r a n g e d b e t w e e n 15 and 30% at S and A, and b e t w e e n 16 and 5 1 % at M.
The organic content in the u p p e r 3 m m of the sediment s h o w e d a distinct seasonal variation. At the two sandy stations (S and A), LOI varied from about 0.5 % in winter to 1 % in s u m m e r (Fig. 3 ), w h e r e a s the m u d d y s e d i m e n t (M) covered a r a n g e of 1 to 6 % LOI over the same two seasons.
Chlorophyll a concentrations in the sediment, which can be used as an indicator of fresh and labile organic matter, generally d e c r e a s e d with depth in the s e d i m e n t at all three stations. The concentration of Chl. a at the sediment surface (annual a v e r a g e s at . The attenuation with depth followed the same s e q u e n c e b e t w e e n stations, as the annual a v e r a g e Chl. a concentration at 4-5 cm depth was 46 % of the surface level at M, 39 % at A and 27 % at S. The seasonal variation in Chl. a was most p r o n o u n c e d in the surface sediment and quite different a m o n g the stations (Fig. 4) . There was a distinct surface Chl. a p e a k in winter (December) at S, in a u t u m n (October) at A, and in s u m m e r (July-August) at M. However, due to an unfortunate loss of samples from spring 1994, any changes during this period r e m a i n undetected. Temporal changes in Chl. a decreased with depth in the sediment, and at 4-5 cm depth there w e r e virtually no changes detected (except for an u n e x p l a i n e d p e a k at station M in July 1994). W h e n present (at station S and A), the lower seasonal changes at intermediate depths (1.5-2 cm) occurred with several months delay c o m p a r e d to those in the surface layer. Microbenthic primary production and respiration
Benthic 02 fluxes obtained in light represent net microbenthic primary production (NPP) by diatoms and cyanobacteria (excluding macroflora). Negative NPP (i.e. net uptake by the sediment) were never observed at any of the three stations during the study period (Fig. 5) . NPP maxima were temporally displaced at the stations and a year-to-year variation was also evident. At the coarse sand station, S, NPP was relatively low and constant throughout 1993 (2-3 mmol m -2 h<), whereas in 1994 a pronounced spring maximum developed with a peak in April (10 mmol m -2 h-l). A different pattern was found at the fine sand station, A, where a seasonal pattern was observed in both 1993 and 1994 with a maximum in early autumn (September-October) of 9-10 mmol m -2 h -1 and a minimum in winter (December-February) of 2 mmol m -2 h -1. At the muddy sand station, M, NPP varied from a maximum of 11 mmol m -2 h -1 in late summer (August) to a minimum close to 0 in winter (December-February).
Fluxes of O5 measured in dark represent the microbenthic sediment respiration (RSP) by bacteria, microalgae, and micro-, meio-and small macrofauna. The term community respiration is avoided here because larger macrofauna, like Arenicola marina and Mya arenaria, were excluded during incubations. The seasonal variations of RSP were more consistent than those of NPP, with highest rates observed at high temperatures during summer (June-August) and lowest rates during cold winter months (December-February). RSP at the muddy station M varied from summer highs at 3.6 mmol m -~ h -t to winter lows of 0.7 mmol m 2 h-l, which was about a factor of 2 higher than at the two sandy stations (1.9-2.2 and 0.2-0.4 mmol m -2 h -1 in summer and winter, respectively).
The rates of both microbenthic NPP and RSP obtained here are probably lower than entire community rates as large specimens of the dominating macrofauna and -flora may contribute significantly to the total metabolism (Asmus et al., unpubl.) .
Measurements of the dark sediment uptake of 02 when the sediment was exposed to air, simulating a low-tide situation, showed rates similar to the corresponding sedimentwater fluxes (Table 1) . Rates were obtained both at low and high temperatures in spring and summer and at both sandy and muddy stations. On average (all stations and both occasions), the sediment-air uptake was 1.13 times the sediment-water uptake. However, when the two most deviating numbers (S and M in April) are excluded, the average is 1.02.
Daily rates of gross primary production (DGPP) by the microbenthos, as shown in Fig. 6 , were estimated as GPP * photosynthetic daylength (Fig. 6 ). Hourly gross primary . Seasonal variation in the microbenthic daily gross primary production (DGPP), daily sediment respiration (DRSP) and daily net primary production (DNPP) at the 3 K6nigshafen stations. Negative values denote uptake by the sediment. Daylength is shown as the broken curve in the middle panel production (GPP), which was determined from 02 data as the sum of NPP and RSP, is assumed to be constant throughout the photosynthetic day (defined as the number of hours where the light intensity is higher than the half-saturation level of photosynthesis [Kristensen, 1993] ). Daily microbenthic sediment respiration (DRSP) was estimated from the hourly dark fluxes as: DRSP = RSP * 24 h, assuming similar rates in light and darkness (Fig. 6) . Daily net primary production (DNPP) was determined as DGPP minus DRSP. The CO2 fluxes available have been related to the corresponding 02 fluxes to obtain the microbenthic production quotient (MPQ = 02 flux / CO2 flux) from GPP, and the microbenthic respiration quotient (MRQ = CO2 flux / 02 flux) from RSP. MRQ was higher during summer (1.08-1.55) than winter (1.05-1.14) with a trend for highest values at S and lowest values at M (Table 2) . MPQ showed the opposite trend with higher values during winter (0.86-1.33) than during summer (0.57-1.03); highest for M and lowest for S (Table 2 ). However, none of these trends were statistically different. The concentration of DIN in the tidal waters of K6nigshafen varied considerably with season (Fig. 7) . NH4 § concentration was low during most of the year and varied from a minimum of 1 t1M in spring, summer and autumn to a maximum of 9 laM in winter. For NO 3-a more dramatic variation was evident, ranging from minimum concentrations of < 1 I~M in late summer to a maximum of 60-70 pM in winter and early spring.
NH4 § fluxes at the sandy stations (S and A) were mostly directed into the sediment (negative) and were with a few exceptions significantly (t-test, p < 0.05) more negative in light than in darkness (Fig. 8) . Efflux of NH4 § at these stations was observed only in darkness during warm summer months (July, August). NH4+ fluxes at station S ranged from -80 to +18 pmol m -2 h -1 in the light with effluxes (positive) occurring only in August and September 1993, and from -31 to +135 lamol m -2 h -1 in the dark. The same pattern emerged at station A as on S, just with slightly more negative NH4 § fluxes; from -96 to -20 and -56 to +53 lamol m -2 h -1 in the light and dark, respectively. It should also be noted here, however, that particularly at station A the direct impact of Arenicola marina on especially NH4 § effluxes was not included during flux measurements. The sedimentwater exchange of NH4 § at the muddy station M was quite different from that at the sandy (Fig. 8 ). Rates were generally higher and consistently directed out of the sedim e n t in both light and darkness (except for one occasion with a low uptake), r a n g i n g bet w e e n about 0 to +150 pmol m -2 h -1, with slightly, but not significant (p > 0.05) h i g h e r release in the dark. N O 3-fluxes were low at all three stations in both light and darkness during summer, while peaks of NO3-uptake were o b s e r v e d in winter and early spring (Fig. 9) . Despite the low overlying water concentrations, N O 3-w a s consistently taken up during summer, with only a few exceptions at the sandy stations. Full ranges for the three stations in light (L) and darkness (D) were, S : -4 9 2 to +11 (L) a n d -1 6 1 to +2 (D) ~tmol m 2 h-l; A : -2 2 0 to +26 (L) and -6 1 to +11 (D) t~mol m -2 h-l; and M: -202 to -8 (L) and -176 to -7 (D) zmol m -2 h -1. There was no difference in flux pattern b e t w e e n sand and mud, and w h e n the very high uptake at S in April is excepted, the m a x i m u m uptake at all stations in spring 1993 and 1994 was about 200 Bmol m -~ h -1. The NO3-uptake was generally higher (p < 0.05 for S and A, and p > 0.05 for M) in light than in darkness during periods of high rates (April), whereas no significant difference (p > 0.05) was observed during periods with low rates.
The total DIN fluxes (NH4 + + NO3-) were estimated from dark and light measurements as hourly gross fluxes: GDIN; dark fluxes: RDIN; and net fluxes: NDIN (Fig. 10 . Negative values denote uptake by the sediment especially in the period August to October (Fig. 10) . Otherwise, GDIN, RDIN and NDIN showed almost similar seasonal patterns. The seasonal variations were most dramatic for NDIN at station S and least for RDIN at station M.
DISCUSSION
Methodological considerations
The core-flux incubations presented here do not mimic actual in situ conditions of the highly fluctuating environment in K6nigshafen, i.e. waves, tides, currents, diurnal and day-to-day changes in light, temperature and nutrient concentrations. For comparative purposes, we deliberately held cores at constant temperature during each 1-2 week sampling period, and near-saturating light and overlying water movement at all occasions. This is opposed to, for example, bell jar measurements (e.g. Asmus, 1986 ) and core measurements (e.g. Grant, 1986) , where incubations are carried out at prevailing temperature and light conditions. Although differences between fluxes obtained by the latter approaches in the Wadden Sea and our laboratory core experiments occur, the general pattern and flux rates of 02 and DIN are of similar and comparable magnitude (van Es, 1982; Hargrave et al., 1983; Henriksen et al., 1984; Asmus & Asmus, 1985; Therkildsen & Lomstein, 1993) . However, flux rates obtained by the use of large-scale flumes and similar constructions, which enclose entire sub-systems under the influence of all prevailing physical and chemical factors, may differ considerably (Asmus et al., in prep) . The rates and relationships presented here should therefore be considered as small-scale sediment-water interactions related predominantly to the microbial community (including small animals), and should not be extrapolated to represent larger Wadden Sea systems.
Microbenthic primary production and respiration
A variety of physical, chemical and biological factors are known to control the rates and seasonal variation of benthic primary production, respiration and nutrient dynamics in coastal areas (Davis & McIntire, 1983; Grant, 1986; Sampou & Oviatt, 1991; Kristensen, 1993) . However, interpretations are restrained by the fact that various factors may control benthic metabolism at different times during the annual cycle. Furthermore, the high temporal and spatial variability in the strength of physical forces (e.g. storms and tides) and thus resuspension of surface sediment in Wadden Sea areas complicates a factorial analysis (de Jonge & van Beusekom, 1995) . However, based on the pairwise correlations in Table 3 , we will discuss and compare a number of important seasonal factors of obvious relevance for microbenthic metabolism at our 3 representative sediment systems in the K6nigshafen Wadden Sea area.
The seasonal variation of DGPP at the 3 K6nigshafen stations (Fig. 6 ) is within the range previously reported from the Wadden Sea (Colijn & van Buurt, 1975; van Es, 1982; Rasmussen et al., 1983; Colijn & de Jonge, 1984) . According to these studies, the annual primary production cycle can be explained largely by seasonal changes in temperature and daylength. In the present study, the relationship between DGPP and daylength is trivial, since DGPP actually was determined as GPP corrected for daylength. GPP (Colijn & van Buurt, 1975; Rasmussen et al., 1983; Kristensen, 1993) . It should be noted here that the term 'seasonal Qlo' is more appropriate for sediment systems than the physiologically defined 'Q10', because it also includes changes in, for example, microbial populations and environmental parameters (Moeslund et al., 1994) . In fact, the poor correlation between GPP and temperature (Table 3) at the two sandy sites suggests that the controlling mechanisms are related to other factors as well. It is evident that at the coarse sand site, the GPP peak in 1994 (no peak in 1993) was displaced to the relatively cold spring period, while at the fine sand site the peak occurred in autumn when temperatures were decreasing (Fig. 5) . A similar seasonal pattern of GPP has previously been observed at the same two locations (Asmus & Asmus, 1985) . Temperature appeared to be a significant controlling factor for GPP at the muddy site (Table 3) , while overall control at the two sandy sites seems more complex clue to simultaneous influence of biotic (e.g. grazing) and chemical (e.g. nutrient availability) factors. The negative (although not significant) relationship between GPP and surface chlorophyll a at the coarse sand site (Table 3) suggests that grazing by the small mudsnail Hydrobia ulvae was important during spring and summer, thus causing the poor temperature dependence of GPP. Similar impact of Hydrobia spp. and other benthic grazers has previously been reported (Connor et al., 1982; Hargrave et al., 1983; Asmus & Asmus, 1985; Kristensen, 1993) . It is generally accepted that at low grazing pressures there is a positive feedback on microalgal biomass, while a negative feedback occurs above a certain threshold (Hargrave et al., 1983; Andersen & Kristensen, 1988) . At the coarse sand site, mudsnail grazing pressure must increase during spring (especially 1994) in concert with increasing temperatures and snail population density, resulting in a positive feedback, but during summer the grazing pressure is too intensive and results in a negative feedback.
The poor temperature dependence of GPP at the fine sand site is probably not caused by grazing macrofauna, as evidenced by a significant positive relationship between GPP and surface chlorophyll a (Table 3) . However, nutrient limitation may have occurred during summer at this site, since efflux of DIN from the sediment at this site was hardly ever observed even in the dark (Figs 8-10 ). Studies from intertidal areas have demonstrated that nutrient supply may temporally be a principal factor limiting benthic primary production (Sundb~ick et al., 1991; Kristensen, 1993) . Furthermore, Rasmussen et al. (1983) postulated that CO2 can limit microphytobenthic primary production in Wadden Sea sediments during periods of high light intensity due to photosynthetically induced high pH in surface porewaters. Nevertheless, the interpretation of the core data at the fine sand site is complicated by the lack of the otherwise dominating faunal component, the lugworm Arenicola marina (Cad6e, 1976) .
At the muddy site, where no diatom grazers were present (positive relationship between GPP and surface chlorophyll a, Table 3 ) and sufficient nutrient supplies were available from the sediment below (consistent efflux of DIN from the sediment during summer), temperature seems to control GPP as indicated by a significant correlation (Table 3 ). The positive relationship with GPP, though, infers that chlorophyll a concentration in surface sediment at the two subtidal stations (A and M) could be a co-factor for the control of benthic primary production, as also suggested for a variety of sediments in the Dutch Wadden Sea (Colijn & de Jonge, 1984) .
The specific productivity of the microalgae (mg C [mg chl. a] -1 h 1), estimated by converting O~ fluxes to carbon by the use of MPQ's (Table 2) , seems to follow the same seasonal pattern at all 3 locations with low values during winter (0.1-0.3) and high values during summer (0.8-0.9). Similar patterns from other areas have been ascribed to a strong temperature dependence of specific productivity (Colijn & van Buurt, 1975) , although it also has been suggested that the high specific activity during summer is caused by grazing pressure which reduces microalgal biomass, but keeps the algal cells active (Davis & Lee, 1983; Kristensen, 1993) .
The rates and seasonal pattern of sediment respiration (DRSP) at the 3 K6nigshafen sites (Fig. 6 ) are similar to those previously observed in the Wadden Sea (van Es, 1982; Andersen & Helder, 1987) . As RSP measured as oxygen flux is almost identical with and without water cover, the inundation frequency can be ignored in estimates of DRSP. In accordance with previous studies (van Es, 1982; Hargrave et al., 1983; Kristensen, 1993) , a highly significant correlation (Table 3) indicates that sediment respiration in K6nigs-hafen sediments is controlled largely by temperature with a 'seasonal Q10' of 2.7-4.3. However, the relationship between RSP and temperature can be misleading, since factors correlated with temperature, such as supply of organic matter may also control heterotrophic activity (Hargrave et al., 1983; Sampou & Oviatt, 1991) . In fact, the seasonal variation in organic matter correlates with RSP, although only significantly at the coarse sand and the muddy sand sites (Table 3) .
The seasonal variation in organic content is only partly caused by the variation in microphytobenthic biomass. The annual range of microalgal biomass in the upper 0.5 cm of the sediment, estimated from an organic carbon:chlorophyll a ratio of 40 (de Jonge, 1980) , varies from 227-305 mmol C m -2 in winter to 264-583 mmol C m -2 in summer. Thus, the standing crop only accounts for 10-20 % of the total organic carbon in the upper 0.5 cm at the coarse sand site (S), about 18 % at the fine sand site (A) and 7-14 % at the m u d d y sand site (M). This is within the range of previously reported values from intertidal sandy sediments (Cammen, 1991; Kristensen, 1993) . However, only 0-10 % of the seasonal variation in total organic carbon can be accounted for by changes in microphytobenthic biomass. The r e m a i n d e r of the variation in organic content at the s e d i m e n t surface must, especially at the m u d d y sand site, be caused by e n h a n c e d deposition of allochthonous detritus during calm spring and s u m m e r months and resuspension and export during stormy autumn and winter months (Cad6e & H e g e m a n , 1977; de J o n g e & van Beusekom, 1995; de Jong & de Jonge, 1995) .
Although allochthonous detritus is usually considered less reactive on a w e i g h t specific basis than freshly p r o d u c e d microphytobenthic biomass (Kristensen, 1993) , the much higher content of detritus at the m u d d y site must be responsible for the generally higher RSP at this station. On the other hand, it is also evident that the much larger seasonal variation in bulk organic content at the m u d d y site does not enhance RSP in the same proportion as at the two sandy sites (Fig. 11) . Accordingly, the allochthonous organic matter being deposited during spring and s u m m e r at the m u d d y site is of another origin (Bayerl et al., 1996) The microphytobenthos influences nutrient fluxes both directly through assimilation from water and sediment, and indirectly by affecting the oxygen penetration into sediments by photosynthesis and respiration. In most intertidal sediments, a close coupling occurs between DIN consumption by benthic microalgae and mineralization by micro* heterotrophs in the upper part of the sediment (e.g. Nowicki & Nixon, 1985b; Kristensen, 1993) . In the Danish Wadden Sea, Henriksen et al. (1984) found that benthic microalgal activities effectively prevented ammonium from leaving the sediment ('filter effect'). Even though a similar coupling must also occur in the present Wadden Sea sediment, it could not be unequivocally confirmed by the present data, since fluxes were generally directed into the sediment both in light and darkness (Figs 8-9) .
The hourly gross primary production in the present study (GPP) is significantly related to gross uptake of dissolved inorganic nitrogen (GDIN, Fig. 10, Table 3 ) in the high intertidal coarse sand. However, the measured GDIN could only support between 10 and 40 % of the microphytobenthic DIN demand (assuming that carbon and nitrogen are incorporated in a molar ratio of 7; Parsons et al., 1961) . At the low intertidal sand and mud sites no correlation between GPP and GDIN was evident, and only 2-60 % and 0-18 % of the DIN demand, respectively, could be covered by the measured GDIN.
The low contribution of GDIN and displaced seasonal variation relative to GPP are puzzling, since GDIN is calculated similarly to and thus should correspond to the GPP estimate. Beside temporal variations in nitrogen assimilation and possibly higher C:N ratios than 7 for microalgae (Eppley, 1981; Sundb~ck & Graneli, 1988) , an explanation for the missing DIN could be that the pre-incubation period before initiating the dark incubation was too short for obtaining the true dark DIN flux (RDIN). Several studies have shown that benthic microalgae have a continued DIN demand for 24 hours or more after onset of darkness (Andersen & Kristensen, 1988; Rysgaard et al., 1993) , resulting in an underestimate of GDIN. "True" dark fluxes (i.e. free from microphytobenthic interference) may for that reason be a redundant term in intertidal sediments when benthic diatoms are present. The effect probably changes from season to season and from muddy to sandy sites, and is dependent on factors such as availability of NO3-and NH4 +, and the population status of the microphytobenthos. This is substantiated by the lack of any significant relationship between RSP and RDIN on a seasonal basis, together with a generally negative RDIN. Another problem, which can seriously affect both GDIN and RDIN estimates, is the role of nitrification and denitrification. A variety of studies have emphasized that denitrification causes the C:N ratio of dark sediment-water fluxes to be higher and thus not representative for the reaction stoichiometry within the sediment (Jensen et al., 1990; Kristensen & Hansen, 1995) . In a parallel study, however, Jensen et al. (1996) found that denitrification in darkness at the 3 K6nigshafen sites accounted on average for only 18 % of the total dark NO 3-uptake. Furthermore, it has recently been shown that the rate of denitrification may vary between light and darkness depending on oxygen penetration and overlying nitrate concentration (Rysgaard et al., 1995) .
On a seasonal basis, the DIN concentration in the overlying water (DINov) is an important controlling factor for DIN fluxes (RDIN and NDIN ) at all three Kbnigshafen stations (Table 3) . A typical feature of the Wadden Sea is the highly variable concentrations of DIN and particularly NO3-in incoming North Sea water throughout the annual cycle (Fig. 7) , with highest concentrations in late winter and early spring and lowest during summer (Hickel, 1989) . The source of GDIN apparently varies between overlying water and underlying porewaters depending on the availability of DIN. Accordingly, GDIN was dominated by NH4 + in summer and autumn when NO3-concentrations in the overlying water were low, and by NO 3-from the high concentrations in winter and spring. The highly significant relationship between RDIN and DINov (mostly NO3-) indicates that the dark flux was driven by the steepness of the gradient from overlying water to the sediment, and thus the NO3-reducing capacity of the sediment (microalgal assimilation and denitrification). At the 3 K6nigshafen stations, Jensen et al. (1996) found that about 70 % of the annual mean dark denitrification was due to NO 3-from the overlying water, and that denitrification was generally proportional to the NO3-concentration in the overlying water.
Annual budgets
The results from the present study should not be extrapolated to the entire K6nigs-hafen area for two major reasons. First, the full range of the physical regime and spatial heterogeneity is not included. Second, the larger macroscopic components are ignored as only the microbenthic contribution is considered. However, when considering onlythe spatial scale of the present incubations, an annual budget of carbon and nitrogen can be made for comparative purposes. The following annual budgets (Table 4) are based on integrations of the daily CO2 data (converted from O~) with the assumptions that the hourly net flux of CO2 is independent of tides, and the net flux of DIN is 0 at low tide.
Annual microbenthic gross primary production (AGPP) at the coarse sand station (S) was about 10 and 50 % higher than at the fine sand (A) and the mud (M) station (Table 4) . As expected, the annual microbenthic respiration (ARSP) was highest in the mud, about twice as high as in the sands. Consequently, annual net primary production (ANPP) was almost 0 in the mud, whereas rates of 17-19 mol C m -2 yr -1 was evident at the two sandy sites. In an oligotrophic, organic-poor Danish lagoon, Kristensen (1993) found values of AGPP and ARSP (15 and 12 mol m -2 yr -1, respectively) comparable to those obtained here. The basic assumption that CO2 fluxes are similar with and without water cover is supported by the fact that dark 02 uptake (and probably also in light) is independent of Table 4 . Annual rates (mol m -2 year -1) of microbenthic gross primary production (AGPP), respiration (ARSP), net primary production (ANPP), gross DIN (NH4 + + NO3-) flux (AGDIN), dark DIN flux (ARDIN) and net DIN flux (ANDIN) at the three K6nigshafen stations in 1993-94. AGPP, ARSP and ANPP are presented in carbon units by converting from 02 data using appropriate average MPQ and MRQ values ( Table 2 ). The estimates are based on integrations of the daily data, where it is assumed that the hourly net flux of CO2 is independent of tides, whereas the net flux of DIN species is 0 at low tide (DIN values should be multiplied by 3 (S), 1.8 (A) and 2.2 (M) if this assumption is not used (Table 1) . Previous studies have concluded that the exchange of 02 between sediment and air (low tide) corresponds to the exchange between sediment and water (high tide) when the surface topography is relatively smooth as in most Wadden Sea sediments (Grant, 1986; Kristensen et al., 1992 Kristensen et al., , 1994 . However, Bodenbender & Papen (1996) found rates of dark CO2 emission from exposed K6nigs-hafen sediments around 50 % lower than the dark 02 uptake measured here. Although tentative, as these data were not obtained at the same sites at the same time with the same incubation equipment, the lower CO2 emissions from exposed sediment may not reflect a lower benthic metabolism, but instead the complex diffusion and dissolution/precipitation properties of the 'CO2 system' and possibly an accumulation of CO2 in the porewaters (Boudreau, 1987) . Anyway, until more is known, sediment respiration is assumed to be similarly irrespective of inundation status. Based on the annual carbon estimates, the sandy sites are net-autotrophic, whereas the muddy site is in balance between autotrophy and heterotrophy. It seems unlikely that habitats in K6nigshafen are net-autotrophic on an annual scale. However, not included here are the heterotrophic contribution of large specimens of e.g. Arenicola marina and certain habitat types, e.g. mussel beds (Andersen & Kristensen, 1988; Asmus & Asmus, 1996) , and physical removal (and deposition) of organic carbon caused by, for example, winds, tides and currents (Bayerl et al., 1996) , which can be important and probably balance the budgets. Furthermore, export of carbon via crab, fish and bird predation should also be considered (Raffaeli & Milne, 1987; Hall et al., 1990; Thrush et al., 1994) .
All three studied sites appeared to be net sinks for dissolved inorganic nitrogen (DIN) on an annual basis. The uptake of DIN both in light and darkness was much lower at the muddy than at the two sandy sites (Table 4) . There seems to be a serious annual deficiency of DIN, as the C:N ratio of gross rates, AGPP/AGDIN = 170-670, was much higher than the 7-10 expected for microphytobenthos (Sundb~ck & Graneli, 1988) . Even the annually integrated dark rates (ARDIN) were directed into the sediment, rendering any C : N estimate for net mineralization impossible. The cause for these discrepancies is probably due to the simplifying assumption that rates of DIN exchange are constant throughout day and night periods (Rysgaard et al., 1993) , given the interactions between the "filter effect" of microphytobenthic DIN assimilation, nitrification and denitrification occurring in surface sediment, and changes in DIN concentrations in the water phase. The assumption that DIN fluxes are 0 during low tide and constant during high tide may also be biased because an accumulation or depletion of a compound in the porewater during low tide may be compensated by an increased or decreased initial flux during water cover (Gardner, 1973; Camacho-Ibar & Alvarez-Borrego, 1988) .
